DNA lesions induce recruitment and accumulation of various repair factors, resulting in formation of discrete nuclear foci. Using superresolution fluorescence microscopy as well as live cell and quantitative imaging, we demonstrate that X-ray repair cross-complementing protein 1 (XRCC1), a key factor in single-strand break and base excision repair, is recruited into nuclear bodies formed in response to replication-related single-strand breaks. Intriguingly, these bodies are assembled immediately in the vicinity of these breaks and never fully colocalize with replication foci. They are structurally organized, containing canonical promyelocytic leukemia (PML) nuclear body protein SP100 concentrated in a peripheral layer, and XRCC1 in the center. They also contain other factors, including PML, poly(ADP-ribose) polymerase 1 (PARP1), ligase IIIa, and origin recognition complex subunit 5. The breast cancer 1 and -2 C terminus domains of XRCC1 are essential for formation of these repair foci. These results reveal that XRCC1-contaning foci constitute newly recognized PML-like nuclear bodies that accrete and locally deliver essential factors for repair of single-strand DNA breaks in replication regions.-Kordon, M-like subnuclear bodies, containing XRCC1, juxtaposed to DNA replication-based singlestrand breaks. FASEB J. 33, 2301-2313 (2019). www.fasebj.org KEY WORDS: DNA damage • PML nuclear bodies • superresolution microscopy ABBREVIATIONS: 3D, 3 dimensional; 3D SIM, 3D structured illumination microscopy; BRCA1/2, breast cancer 1/2; BRCT1/2, breast cancer 1/2 C terminus; BSA, bovine serum albumin; EdU, 5-ethynyl-29-deoxyuridine; EGFP, enhanced green fluorescent protein; EYFP, enhanced yellow fluorescent protein; GFP, green fluorescent protein; HSF, human skin fibroblast; IF, immunofluorescence; Lig IIIa, ligase IIIa; mEGFP, monomeric enhanced green fluorescent protein; mRFP, monomeric red fluorescent protein; ORC1/ 5, origin recognition complex subunit 1/5; PAR, poly(ADP-ribose); PARP, poly(ADP-ribose) polymerase; PCNA, proliferating cell nuclear antigen; PLA, proximity ligation assay; PML, promyelocytic leukemia; RFP, red fluorescent protein; ROI, regions of interest; SMLM, single-molecule localization microscopy; SP100, SP100 nuclear antigen; SSB, single-strand break; TBS, Trisbuffered saline; XRCC1, X-ray repair cross-complementing protein 1
Induction of DNA damage results in recruitment and accumulation of various repair factors. It is tacitly assumed that the recruited repair proteins surround the damaged DNA regions. We have focused our attention on X-ray repair cross-complementing protein 1 (XRCC1). XRCC1 is commonly used as a molecular marker of single-strand DNA breaks (SSBs) because it is recruited rapidly to these lesions and forms distinct repair foci (1) (2) (3) (4) (5) . Recruitment of XRCC1 to the sites of DNA damage is promoted by direct interactions with poly(ADP-ribose) (PAR) and the PAR polymerases PARP1 and PARP2 (6) (7) (8) . It also coordinates and interacts with other factors involved in repair processes, such as polynucleotide kinase phosphatase (9) , DNA polymerase b (6, 10) , and DNA ligase IIIa (Lig IIIa) (11) . XRCC1 contains 2 functionally important breast cancer (BRCA) 1 C terminus (BRCT) domains responsible for formation of XRCC1 dimers (12) and interactions with other proteins. BRCT2 domain is responsible for formation of XRCC1 dimers (12) . It is known to interact with the BRCT domain of Lig IIIa (13, 14) . It was demonstrated that interactions between BRCT2 domains of XRCC1 monomers were involved in XRCC1/Lig IIIa heterodimer formation (15) . In turn, BRCT1 is thought to be essential for efficient repair of DNA damage caused by a methylating agent and postrepair replication reinitiation (16, 17) . It interacts with the BRCT domain of PARP1 and with PARP2 (7, 8, 12, 18) . The domain is required for recruitment of XRCC1 to the sites of DNA damage (19) . It encompasses the phosphate binding pocket that is required for selective binding to PAR at low levels of ADP-ribosylation; this process is considered to be directly responsible for recruitment of XRCC1 molecules to the sites of DNA damage (20) . It also promotes interactions with PARP1 and is essential for accumulation of XRCC1 at the sites of DNA damage induced using UVA laser light or hydrogen peroxide (21) . It has been recently demonstrated that during S phase, XRCC1 is relocated to stalled replication forks, and both PARP1 and DNA-dependent protein kinase, catalytic subunit, are required in this process, while the presence of XRCC1 at the site of stalled replication forks is essential to ensure effective repair of small lesions and to restart the stalled forks (22) . Interestingly, a higher number of XRCC1 foci in S phase than in G 1 phase was reported (23) .
We studied XRCC1 foci formed in a subpopulation of cells that develop a high number of SSBs occurring within active replication regions. Using quantitative and standard confocal laser scanning microscopy and superresolution imaging, we demonstrate that, surprisingly, these XRCC1 foci are always located in close vicinity to, rather than within or tightly wrapped around, replication sites containing the SSBs. Many of these repair foci contain SP100 nuclear antigen (SP100), a marker of promyelocytic leukemia (PML) nuclear bodies, the PML protein itself, PARP1, Lig IIIa, and another, newly described partner of XRCC1, a DNA replication licensing factor called origin recognition complex subunit 5 (ORC5). We propose that XRCC1 foci forming adjacent to replication-related SSBs are PML-like nuclear bodies that provide essential factors for the repair process. We also demonstrate that, while being responsible for various interactions, the two functional domains of XRCC1 are involved in accumulation of the protein and formation of a damage-induced nuclear body at the site of damage.
MATERIALS AND METHODS

Cell culture and treatment
Human HeLa cells and human primary skin fibroblasts (HSFs) were used. Cells were cultured in DMEM (MilliporeSigma, Burlington, MA, USA) supplemented with 10% fetal bovine serum (MilliporeSigma) and antibiotics in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. The cells were cultured in T-25 flasks on plastic petri dishes (40-mm diameter) or in 12-well polystyrene plates (MilliporeSigma) and subcultured every 2 or 3 d using 0.25% trypsin solution. For imaging experiments, cells were seeded onto round coverslips (0.17 mm thick; 22 or 18 mm diameter; Menzel-Gläser, Braunschweig, Germany). In order to prepare samples for 3-dimensional (3D) structured illumination, microscopy cells were seeded onto square glass coverslips (18 3 18 mm, thickness 0.17 mm; Carl Zeiss, Jena, Germany). For immunofluorescent staining and detection of 5-ethynyl-29deoxyuridine (EdU) incorporation, cells were fixed with 3.7% formaldehyde for 15 min and permeabilized with 0.1% Triton X-100 (MilliporeSigma) in PBS for 10 min. Before imaging live cells, cell cultures were maintained on coverslips, submerged in DMEM/ F-12 culture medium supplemented with 10% fetal bovine serum (in some long-term measurements, the duration of live cell imaging exceeded 48 h), no phenol red, and a content of sodium bicarbonate adjusted for equilibrium with air (pH 6. 8-7.4) . Fixed cells were imaged while maintained at room temperature in PBS. For 3D structured illumination microscopy imaging, coverslips with fixed cells were mounted on slides using ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). For single-molecule localization imaging of monomeric red fluorescent protein (mRFP) and monomeric enhanced green fluorescent protein (mEGFP)-tagged proteins, cell samples were also embedded in ProLong Gold Antifade Mountant (Thermo Fisher Scientific).
Creation of site-specific XRCC1 amino acid variant constructs
Point mutations were introduced to the gene encoding XRCC1, which had been previously subcloned into the vector pmRFP-C1 using the Quik Change PCR technique. Phusion High-Fidelity DNA Polymerase and DpnI enzyme (Thermo Fisher Scientific) were used. Thus, 2 expression vectors encoding mutated proteins were produced: XRCC1 D5382633 (the deletion mutant with no BRCT2 domain, where proline 537 was replaced with a stop codon) and XRCC1 L360R (the XRCC1 mutant with an inactive, incorrectly folded BRCT1 domain). Leucine 360 was replaced with arginine as previously described (17, 24) . Base changes were introduced with following primers: for XRCC1 D5382633 (P537stop) forward primer: 59-CCTGATCTGCCAGTCTAAGAGCTCCCA-GATTTC-39; and for XRCC1 L360R (L360R) forward primer: 59-GGACAGCACGCACAGAATCTGTGCCTTTG-39. The underlined sections that consist of 3 nucleotides indicate the localizations of the introduced mutations, and are the aa sequences that replace the ones that are normally present in the sequence of XRCC1. The constructs were sequenced in order to verify the presence of the desired mutations and the absence of any additional changes that could occur due to PCR errors.
Transfection of cells
Cells (HeLa and HSF) grown for at least 24 h on coverslips, and those at about 60% to 80% confluence were transfected or cotransfected with vectors pmRFP-C1-XRCC1 (also with vectors pmRFP-C1-XRCC1 D5382633 and pmRFP-C1-XRCC1 L360R ) and pcDNA3.1+-mEGFP-proliferating cell nuclear antigen (PCNA). We also cotransfected HeLa cells with vectors encoding fusion proteins: enhanced green fluorescent protein (EGFP)-XRCC1, EGFP-SP100, green fluorescent protein (GFP)-PARP1, EGFP-Lig IIIa or enhanced yellow fluorescent protein (EYFP)-ORC1, and EYFP-ORC5. Two different vectors encoding mRFP-XRCC1 were used as previously described (5) . The construct used in preliminary experiments embraced the gene encoding XRCC1 containing 6 point mutations; it was lacking a stop codon, thus resulting in the presence of 23 additional amino acids linked to the protein. We confirmed, however, that the presence of these mutations did not influence the recruitment of XRCC1 to DNA lesions. Other vectors used in the major experiments contained the correct gene encoding XRCC1; it was ordered and synthesized by GenScript (Piscataway, NJ, USA) and subcloned into empty vectors pEGFP-C2 (Clontech Laboratories, Mountain View, CA, USA), and pmRFP-C1, obtained from Professor T. C. He (Molecular Oncology Laboratory, University of Chicago Medical Center, Chicago, IL, USA). Before transfection (FuGene HD Transfection Reagent; Promega, Madison, WI, USA), the standard culture medium was changed to Opti-MEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (MilliporeSigma). Transfection mixture (Opti-MEM without serum, transfection reagent, and vector DNA, all added in previously optimized proportions) was added directly to the culture medium. HSFs were transfected using reagents and techniques as previously described (25) . Experiments were carried out 24 to 48 h after transfection. Vectors used in experiments were multiplicated in bacterial cells (Escherichia coli DH5a) that underwent standard heat-shock transformation. Isolation of vector DNA from bacteria was performed using a GenElute Plasmid Miniprep Kit (MilliporeSigma).
Immunofluorescent staining and DNA staining
After permeabilization, the fixed cells were rinsed with PBS and then treated with a 5% solution of bovine serum albumin (BSA; MilliporeSigma) in PBS overnight, and in 3% normal goat serum (NGS; Thermo Fisher Scientific) in PBS for 1 h to block nonspecific antibody binding. The samples were subsequently incubated in Tris-buffered saline (TBS)/1% BSA/0.2% Tween 20 solution for 30 min and then incubated for 1 h with a primary mouse monoclonal anti-XRCC1 antibody (ab 1838; Abcam, Cambridge, United Kingdom) or primary rabbit pAb to XRCC1 (phospho S518 + T519 + T523) (ab 84417; Abcam) diluted in 5% BSA. The samples were rinsed with TBS/0.2% Tween 20 solution twice, then with PBS, and incubated for 1 h with CyTM5-conjugated donkey anti-mouse IgG (H+L) (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or Alexa Fluor 633-conjugated goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific) diluted in either 5% BSA or 3% NGS, respectively, for 1 h, and rinsed again in PBS. In order to detect histone gH2A.X, PML protein, and SP100, samples were blocked with 5% BSA, incubated with primary mouse monoclonal anti-phospho-histone H2A.X (Ser139) antibody (MilliporeSigma), rabbit monoclonal (EPR16792) antibody to PML protein (ab179466; Abcam), or goat pAb to SP100 (N20) (sc-16328; Santa Cruz Biotechnology, Dallas, TX, USA) diluted in 5% BSA. Secondary antibodies were as follows: CyTM5-conjugated donkey anti-mouse IgG (H+L) (Jackson ImmunoResearch Laboratories), Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific), or Alexa Fluor 546-conjugated donkey anti-goat IgG (H+L) (Thermo Fisher Scientific) diluted in 3% NGS or in 5% BSA. In order to detect PAR, fixed and permeabilized samples were rinsed with TBS. A blocking solution (TBS/1% BSA/0.2% Tween 20) was subsequently applied for 30 min; the samples were then rinsed with TBS/0.2% Tween 20 and incubated for 1 h with primary mouse mAb directed against PAR (ALX-804-220-R100, clone 10H; Enzo Life Sciences, Farmingdale, NY, USA) diluted in TBS/1% BSA/0.2% Tween 20. They were rinsed with TBS/0.2% Tween 20, incubated for 2 h with Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) (Thermo Fisher Scientific), and rinsed again with TBS/0.2% Tween 20. DNA in fixed and permeabilized cells was stained with DAPI (1 mM, 30 min, room temperature) (MilliporeSigma).
Proximity ligation assay
The protein-protein interactions and complexes formed between XRCC1 and PCNA were detected using reagents for in situ proximity ligation assay (PLA; Duolink PLA; Olink Bioscience, Uppsala, Sweden; MilliporeSigma). The reactions were carried out according to the manufacturer's instructions, with some minor modifications. After fixation and permeabilization, cells were blocked with 5% BSA overnight, then incubated with primary antibodies diluted in 5% BSA for 1 h and subsequently washed in PBS overnight. All the following procedures were performed according to the manufacturer's instructions. Primary antibodies were mouse monoclonal anti-XRCC1 antibody (ab 1838; Abcam) and rabbit monoclonal anti-PCNA antibody (EPR3821) (ab 92552; Abcam). Secondary antibodies conjugated with oligonucleotides were Duolink In Situ PLA Probe Anti-Mouse MINUS, Affinity Purified Donkey Anti-Mouse IgG (H+L), and Duolink In Situ PLA Probe Anti-Rabbit Plus, Affinity Purified Donkey Anti-Rabbit IgG (H+L). Samples were washed using Duolink In Situ Wash Buffers. The fluorescence signal was generated using either Duolink In Situ Detection Reagents Red or Duolink In Situ Detection Reagents Green. The preparations were mounted with ProLong Gold Antifade Mountant (Thermo Fisher Scientific).
Detection of DNA replication
We detected regions of newly replicated DNA using a method of incorporating a nucleoside analog of thymidine, EdU (30 min), and staining it fluorescently by means of a "click" reaction according to the manufacturer's instructions (Click-iT EdU Alexa Fluor 488 Imaging Kit; Thermo Fisher Scientific). DNA synthesis was measured by detecting the incorporated EdU. This technique was used to detect nascent DNA both in cells expressing mRFP-XRCC1 and wild-type cells used for immunofluorescence (IF).
Detection of DNA damage
DNA damage was detected using a modified version of TUNEL assay (data not shown) enabling amplification of immunofluorescent signal of bromodeoxyuridine staining.
Microscopy and image analysis
Confocal microscopy
Images were recorded using a Leica TCS SP5 II confocal laserscanning microscope (Leica, Wetzlar, Germany), equipped with a stage microincubator for live cell imaging and a 633 HCX PL APO CS NA 1.4 oil immersion lens. The following instrumental parameters were used: excitation 405 nm (pulsed laser, Chaser UV), 488 nm (Ar), 561 nm (HeNe), 594 nm (HeNe), and 633 nm (HeNe), emission detection bands 498-540 nm for Alexa Fluor 488 (Click-iT EdU) and EGFP (mEGFP-PCNA and EGFP-SP100 fusion proteins), 600-700 nm or 590-620 nm (in the case of triple staining in combination with Alexa Fluor 488 and CyTM5) for mRFP (mRFP-XRCC1 fusion protein), and 660-800 nm for CyTM5 (immunofluorescent detection of histone gH2A.X). Signals in different channels were detected with photomultipliers (gain 800-990 V, offset 20.1%). Coverslips with cells were mounted in a custom-made steel holder, and the samples were placed on a microscope stage. Sequential fluorescence live cell confocal imaging was performed to image endogenous XRCC1 foci in time and analyze their dynamics. Image stacks (1-1. (Supplemental Movies S1 and S2, available at http://helios.wbbib. uj.edu.pl/publikacje) were recorded sequentially for many hours. Images (single focal planes) were acquired every 30 min. Additionally, quantitative analysis of deconvolved 3D stack images was carried out. Images were analyzed by ImageJ software (26) . Some images (see Figs. 1, 3, and 4 and Supplemental Figs. S2, S4-S6) were deconvolved using SVI 3D Huygens Deconvolution and Analysis Software (Scientific Volume Imaging, Hilversum, The Netherlands). Tracking and analyses of foci trajectories were also performed using a module of the Huygens software; the movement of the whole nucleus was taken into account.
Histograms of distances between objects in microscopy images-for instance, XRCC1 foci and replication regions-were constructed as previously described (27) . Taking the size of XRCC1 and replication foci into consideration (300-400 nm in diameter), we categorized the objects as adjacent when the distance between their centers was 400 nm or smaller. The analysis was modified in the case of histograms presented in Fig. 4F . In this particular case, the algorithm analyzed the localization of 3 different entities: immunofluorescently labeled PML-containing nuclear bodies, immunofluorescently labeled XRCC1 foci, and replication regions (EdU). The PML nuclear bodies and XRCC1 foci were scored as colocalizing when the distance between their centers of mass was ,1 mm. One micrometer was the criterion used in the classification of objects as the nearest neighboring ones. This value resulted from the size of PML nuclear bodies recorded in the confocal images. First the algorithm fished out the spatially associated pairs of objects (one of which was always a PML nuclear body), and it subsequently measured and analyzed their distance toward their nearest neighbor of the third type.
Structured illumination microscopy
Images of subdiffraction resolution were obtained using two 3D structured illumination microscopes: the microscope based on a prototype of the commercial model Deltavision OMX V2.0 (Applied Precision, Issaquah, WA, USA) and OMX V3 (API; GE Healthcare, Chicago, IL, USA) superresolution microscope platform based on structured illumination. The fluorophores were excited with 405, 488, 561, and 592 nm laser lines, as applicable, and the emitted fluorescence was filtered using properly assorted filters. In order to project the grating's image plane onto the sample, two types of objectives were used: 360/1.4 oil objective and 3100/1.4 oil objective (Olympus, Tokyo, Japan) and 1.514 refractive index immersion oil. Each channel was imaged by a dedicated Cascade II 512 EM-CCD camera (Photometrics, Tucson, AZ, USA), which used 50, 70, or 100 ms exposures, 1 preamp gain, and variable electron-multiplying gain. Acquisition was controlled by the OMXN controller software (Applied Precision), while reconstructions and alignments were made with the OMX-specific SoftWoRx 4.5.0 software package (Applied Precision). Each channel required 5 exposures for a given angle and 3 different angular grating positions; thus, in total there were 15 exposures per optical slice. In order to obtain 3D images, each sample was translated vertically in steps of 125 nm. The images were analyzed by ImageJ software or SVI 3D Huygens Deconvolution and Analysis Software.
Single-molecule localization microscopy
Localization microscopy of fluorescent proteins (28, 29) was performed on a microscopy setup described by Szczurek et al. (30) . Fluorescent proteins are known to faintly photoswitch and are susceptible to rapid photobleaching. In this case, cells were relatively bright-that is, fluorophore abundance did not constitute an issue. High-intensity light illumination was applied to provoke blinking of mRFP and mEGFP: 1.5 kW/cm 2 561 nm and 1.5 kW/cm 2 491 nm illumination, respectively. This was followed by an acquisition of 8000 frames in the 585-636 nm detection channel (mRFP) and 5000 frames in the 500-550 nm detection channel (mEGFP). For data visualization, each localized signal was assigned to a joint localization map and blurred with 20 nm Gaussian kernel. Chromatic shift between 2 detection channels above the coverslip was corrected by applying manually extracted shift vector between 2 reconstructed images of microtubule structures immunofluorescently labeled with 2 respective fluorophores simultaneously (Alexa Fluor 488 and Alexa Fluor 647).
DNA damage induction
Local DNA damage was induced with focused visible laser light in cells maintained under optimal growth conditions on the stage of Leica TCS SP5 II confocal microscope, as previously described (4, 5) . Regions of interest (ROI) (2.5 3 2.5 mm or 1 3 6.25 mm, or bleached point) were illuminated with laser line 488 nm (83 mW delivered to the sample) by either scanning ROI several times (6, 10, or 7 scans in Fig. 5A , Cc, and De, respectively) or by a parking laser beam for 5 s (Fig. 4D ). ROI were scanned at a resolution of 512 3 512 pixels and at a scanning speed of 200 lines per second.
In order to induce single-strand DNA breaks in the position of replication forks, topotecan was added to growth medium, in which cells were maintained on the stage of Leica TCS SP5 II confocal microscope, to a final concentration of 20 mM. Sequential 3D imaging was performed in order to observe the effects in time.
The presented results were partly obtained for the cells expressing fluorescently labeled XRCC1. However, it is important to emphasize that the level of endogenous protein was significantly decreased in the cells expressing the fusion protein (data not shown). Moreover, all the experiments were performed using cells characterized by low levels of expression of the fusion protein.
RESULTS
Association between XRCC1 foci and replication sites: proximity without overlap
Recruitment of XRCC1 to DNA lesions is conspicuous because of a high local concentration of the recruited protein.
Among HeLa cells and HSF in culture, there is a small population of cells that contain very high numbers (over 10, or even a few hundred per a single cell nucleus) of XRCC1containg foci (Fig. 1A) . These cells constitute ;5% of an entire cell population and show signs of spontaneous massive replication-related DNA damage that leads to rapid recruitment of XRCC1 ( Fig. 1 and Supplemental Fig. S1A, B ; the process of XRCC1 recruitment and foci formation is shown in Supplemental Movies S1 and S2, available at http:// helios.wbbib.uj.edu.pl/publikacje). We noticed that the recruited XRCC1 formed distinct nuclear foci, and most of these foci were adjacent to replication sites (detected with EdU, PCNA, or ORC1) ( Fig. 1 ). As would be expected for objects bound to chromatin, these XRCC1 foci showed only limited mobility (;0.5 mm within 7-15 min; Supplemental Fig.  S2Aa , b, c, and Supplemental Movies S3 and S4, available at http://helios.wbbib.uj.edu.pl/publikacje). Only a few XRCC1 foci were moving in one direction over long distances (several micrometers) rather than in a Brownian fashion (;2 mm within 30 min; Supplemental Fig. S2Ba, b , and Supplemental Movies S5 and S6, available at http://helios.wbbib.uj.edu.pl/ publikacje). In some cases the direction of their movement was visibly correlated with the position of nearby replication sites. For instance, the XRCC1 focus shown in Supplemental Fig. S2Ba and S2Bc moved directly from one replication region to another (Supplemental Movies S5 and S6).
We next carried out quantitative analysis of the numbers of adjacent foci, and the distances separating them (27) in order to objectively judge the tendency of these foci to reside near the sites of replicating DNA. In accordance with the general visual impressions, we found that the distances separating XRCC1 foci and replication sites were in the range of 100 to 400 nm (i.e., close but not overlapping) ( Fig. 2 and Supplemental Fig. S3A ). Sixty-nine percent of all repair foci were localized in close vicinity of replication regions (Fig.  2C ), suggesting some spatial and functional association. We conclude that indeed formation of XRCC1 foci had a clear preference for the regions of replicating DNA. Interestingly, ;6 to 7% of all XRCC1 foci had not just one but two distinct neighboring replication regions, regardless of the substage of S phase (Fig. 2D) , possibly representing the reactivated replication machinery near the site of the damage. These observations raise several intriguing questions regarding the functional significance of the association of XRCC1 foci with replication-related DNA damage sites, the molecular structure of the XRCC1 foci, and the reason behind recruitment of a high number of XRCC1 molecules within one focus.
Imaging of the XRCC1 foci adjacent to replication sites
A close proximity, without an overlap, of XRCC1 foci with replication sites does not agree with the generally held view, which assumes that the recruited repair factors form a focus surrounding the lesion (in this case, centers of repair foci should represent the positions of DNA lesions). Therefore, to determine if the DNA breaks were surrounded by the repair proteins, forming a focus, we studied the exact positions of DNA lesions using improved TUNEL as well as PAR staining (Fig. 3A, B and Supplemental Fig. S4B , D. DNA breaks (single and double strand; Supplemental Fig. S5A ), while positioned within replication sites, were consistently detected adjacent to or in the peripheral regions of XRCC1 repair foci, but not in their centers. Standard confocal laser scanning microscopy images do not have the spatial resolution required to show the individual replication forks or their groups embraced by one replication site; nor can this method of imaging be expected to demonstrate the internal structure of the replication-associated XRCC1 foci. Therefore, we resorted to two superresolution (subdiffraction) imaging techniques: 3D structured illumination microscopy (3D SIM) and single-molecule localization microscopy (SMLM). The 3D SIM images (Fig. 3C) showed the replicating regions, consisting of several local maxima or individual spots likely representing groups of active replication forks (PCNA) or stretches of nascent DNA (EdU), and usually just one adjacent prominent XRCC1 focus. Thus, superresolution 3D SIM images confirmed that one XRCC1 focus was usually associated with a replication site, which embraced a number of actively replicating subregions. Quantitative analyses of distances between centers of XRCC1 foci and regions embracing groups of replication sites were performed to confirm the findings based on confocal imaging. Indeed, we found that repair foci were always adjacent to, but never overlapped, regions rich in replication machinery ( Fig. 3C and Supplemental  Fig. S3B ).
In superresolution single-molecule localization images, the individual regions of replicating DNA were also resolved into many foci representing groups or even individual closely spaced active replication forks (Fig. 3D ). In agreement with 3D SIM imaging, single-molecule localization images demonstrated that XRCC1 foci were in fact clusters of tightly packed XRCC1 molecules, indicating that they were components of large nuclear structures positioned near replication sites. The overall size of these XRCC1 clusters was similar to the size observed in confocal images (i.e., 300-400 nm in diameter), thus indicating their real size. The large size of XRCC1 foci, resembling nuclear bodies, may explain why they were found in interchromatin compartment, but never in the areas of high DNA density (Supplemental Fig. S5B ).
SP100, PML, PARP1, and ORC5 are components of damage-induced XRCC1 foci
To identify the type of a replication-related XRCC1-containing nuclear body, we searched for other proteins associated with this structure. We applied PLA to look for a previously described partner of XRCC1, PCNA (31), but did not detect XRCC1-PCNA complexes inside the foci. Interestingly, a number of XRCC1-PCNA complexes were found in close proximity to replication sites (Supplemental Fig. S4C) .
Superresolution 3D SIM imaging demonstrated the presence of SP100, a protein known to be involved in the formation of PML nuclear bodies (32) (33) (34) (35) in the XRCC1 foci ( Fig. 4A and Supplemental Fig. S6A ). The 3D SIM superresolution images revealed the internal architecture of the repair foci, which was not revealed by standard confocal images. SP100 forms a characteristic protein shell that wraps around a central core containing XRCC1 (Fig.  4A ). This observation agrees with the description of 3D organization of SP100-containing nuclear bodies, which was revealed by 4Pi superresolution microscopy (35) and other microscopy techniques (36) . We also demonstrate that the investigated SP100-containing nuclear bodies are always localized in close vicinity to but outside regions of active DNA replication (Fig. 4E) . Moreover, we note that a subgroup of PML bodies directly detected by immunofluorescent staining of PML protein was shown to overlap some of the XRCC1-containing foci (Fig. 4F and Supplemental Fig. S6B ), thus underscoring a similarity between these foci and PML bodies. We also found that PARP1, a known factor in SSB repair (37) (38) (39) , was a component of XRCC1 foci (Fig. 4B) . In an attempt to detect early replication origins and their localization in relation to XRCC1 repair foci, we labeled the ORC1 and another component of origin recognition complex, ORC5. To our surprise, in some cases ORC5 was also present within the nuclear bodies containing XRCC1 (Fig. 4Ca ). We also identified ORC5 in foci formed near experimentally induced local DNA damage (Fig. 4D) . In cases where ORC5 formed conspicuous foci positioned in a manner resembling well-known replication repair foci to barycenters of nearest replication sites (mEGFP-PCNA). Inset shows enlarged fragment of histogram and presents results obtained for range of distances between 0 and 1 mm. Low number of cases where distance between neighboring foci is smaller than 100 nm suggests occurrence of nearly no or very little overlap between XRCC1 foci and replication sites; see also analysis of all substages of S phase in Supplemental Fig. S3A . B) Histogram of distances measured from barycenters of immunofluorescently labeled XRCC1 foci (IF) to replication foci (EdU). C ) Percentage of XRCC1 foci located close to or far from of nearest replication site. D) Percentage of all XRCC1 foci (analyzed in A and B) classified as adjacent to replication regions that have either only one or two neighboring replication regions in close vicinity.
patterns of PCNA (40), XRCC1 foci were located in close vicinity of the regions rich in ORC5 (Fig. 4Cb ). All these observations reinforce a notion that the foci containing XRCC1 are PML-like nuclear bodies and are juxtaposed with, but do not surround, the DNA lesions. XRCC1 protein is known to interact and form complexes with another repair protein factor that is involved in SSB repair, Lig IIIa (11, (13) (14) (15) 41) . Here we demonstrate, by investigating nuclear localization of EGFP-Lig IIIa in live HeLa cells, that the endogenous nuclear bodies that contain mRFP-XRCC1 are also rich in Lig IIIa (Fig. 4G ). However, direct detection of XRCC1-Lig IIIa complexes using PLA did not confirm their presence inside these heterogeneous nuclear structures (data not shown).
Another question arises as to the exact location of posttranslationally modified repair factors in relation to the XRCC1 foci (Supplemental Fig. S4A, B) . We found both unmodified XRCC1 molecules and the ones containing the sites phosphorylated by CK2 kinase (casein kinase II) (Supplemental Fig. S4A ) within the foci. Interestingly, however, PAR polymers were never found within XRCC1 foci, yet they were often detected in localizations adjacent to the foci (Fig. 3B and Supplemental Fig. S4B ), in agreement with our notion of the lesions and the foci being spatially separate.
Explicit connectivity of novel XRCC1 foci to single-strand break repair
To explore the hypothesis that the XRCC1 foci are formed adjacent to DNA lesions induced in replication sites rather than surrounding them, we next induced DNA damage in Figure 3 . Direct detection of free DNA ends (DNA breaks), XRCC1 foci, and replication sites, and superresolution imaging of positions of XRCC1 foci and replication sites. A) Localization of DNA breaks (improved TUNEL assay, green) outside or within periphery of XRCC1 foci (mRFP-XRCC1, red). B) Localization of PAR chains (IF, green) detected always outside or within periphery of XRCC1 foci (mRFP-XRCC1, red). C ) XRCC1 (mRFP-XRCC1, red) and replication (mEGFP-PCNA or EdU) in superresolution images (3D SIM). XRCC1 regions appear as tightly packed foci or nuclear bodies. Images and histograms of distances between barycenters of XRCC1 foci and small replication regions in these images confirm spatial association between XRCC1 foci and sites of active replication. Only some sites of active replication develop SSB and have adjacent XRCC1 focus (Supplemental Fig. S3B ). Two maxima in these histograms indicate that there are two subpopulations of XRCC1 foci and two subpopulations of replication foci. XRCC1 foci of one subpopulation are located very close to sites of active replication (presumably groups of replication forks). Foci of other group have no adjacent replication region; these foci most likely represent stress bodies formed afar of sites of DNA damage (5) . Only some sites of active replication develop SSB and have adjacent XRCC1 focus. Supplemental Figure 3B shows more examples of histograms corresponding to other 3D SIM superresolution images of XRCC1 foci and replication sites. D) Superresolution single-molecule localization image shows nucleus expressing mRFP-XRCC1 and mEGFP-PCNA. Replication sites consist of numerous small objects, while XRCC1 foci appear as larger solid structures. XRCC1 foci are adjacent to but do not overlap regions of replicating DNA (fluorescence profiles). Scale bars, 5 mm. ROI: 3.5 3 3.5 mm (A); 3.2 3 3.2 mm (B); 2.7 3 2.7 mm (C, D). an elongated region embracing the nuclear envelope in a mid-S-phase cell. In this area, active replication sites mark heterochromatin. Almost all XRCC1 foci were formed just outside of the replication sites (Fig. 5A) . Although the damage was distributed randomly, nuclear bodies were always formed immediately next to the region of heterochromatin undergoing replication. In another experiment, where DNA lesions were induced by the topoisomerase inhibitor topotecan (which leads to dismantling of replication foci), formation of XRCC1 foci was dependent on the induction of DNA damage but not on the presence of replication foci (Fig. 5B ).
Roles of BRCT1 and BRCT2 domains of XRCC1 in foci formation
In order to obtain insight into the mechanism of formation of repair foci and the role played by XRCC1 in the repair process, we investigated the behavior of mutated XRCC1, devoid of BRCT2 domain, or with an inactivated BRCT1 domain. The XRCC1 deletion mutant with no BRCT2 domain (XRCC1 Δ5382633 ) was localized in the nucleus. However, regardless of the level of expression or the stage of the cell cycle, the mutated protein did not form characteristic foci of the type that are always formed by a wildtype XRCC1 (Fig. 5Ca ). The absence of foci with XRCC1 Δ5382633 could be interpreted as a consequence of a general failure to form PML-like bodies at these sites. However, this was not the case because we found PML bodies in cells expressing the mutant by detecting foci of SP100 (data not shown). The truncated protein was not recruited to the nuclear bodies; nor did it form foci in response to local DNA damage. However, nuclear repair bodies containing SP100 were formed after DNA damage induction (Fig. 5Cb ). It is therefore likely that the removal of BRCT2 abolished the process of recruitment of XRCC1 to constitutive PML nuclear bodies, but not the endogenous ability of a cell to form these bodies. In accordance with this hypothesis, no XRCC1 Δ5382633 foci were seen accompanying replication, although replication sites were readily detectable (Fig. 5Ca ). In cells expressing EYFP-ORC5 and mRFP-XRCC1 Δ5382633 , no foci containing these proteins could be detected (Fig. 5Cc ). Aggregation of XRCC1, which was usually seen in cells entering apoptosis, was absent in cells expressing XRCC1 Δ5382633 (data not shown). XRCC1 mutant with inactive BRCT1 domain (XRCC1 L360R ) was imported into nuclei and detected in both nonreplicating and replicating cells, but it did not form small foci of the type seen for the wild type or the wildtype protein tagged with a fluorescent protein (Fig.  5Da ). XRCC1 L360R was not recruited to local DNA damage, although nuclear bodies containing SP100 were formed in the damaged region (Fig. 5Db) .
DISCUSSION
XRCC1 foci recruited to SSBs at replication sites form juxtaposed PML-like bodies
Over the years, when proteins have been identified at certain nuclear sites by immunostaining or fluorescent protein expression, there has been a consensus of functional relevance because the spatial concordance is high. There is often supporting biochemical evidence for the functional roles of the sighted proteins. However, in the present study, we came upon a different situation, and to the extent it is different, we find it of particular interest. The quantitative confocal microscopy and superresolution images of XRCC1 foci and replication sites presented here demonstrate that numerous XRCC1 molecules accumulate in the regions immediately near (rather than coincidently) the endogenous DNA lesion induced in replicating DNA, and they form a large aggregate. If the recruited XRCC1 molecules were directly involved in postreplication DNA repair, then their images should coincide with the images of replication sites. However, the centers of most of these foci are separated by a relatively large distance, ranging between 100 and 400 nm. Moreover, the number of the recruited XRCC1 molecules [estimated in (42) ] exceeds by far the estimated number of the lesions. This is in agreement with the previously reported recruitment of many molecules of repair factors to a local (possibly individual) DNA damage site (4, 5, 43) . SP100. 3D SIM images (equatorial slice, maximum projection) show that SP100 forms shells of spherical nuclear bodies, wrapped around subcompartments containing XRCC1. B) XRCC1 (mRFP-XRCC1, red) foci contain PARP1 (GFP-PARP1, green). PARP1 foci are generally smaller than foci of XRCC1. Their diameter ranges between 100 and 400 nm. 3D SIM images show that usually few small PARP1 foci are closely adjacent to single XRCC1 focus most likely belonging to same nuclear structure. C) Confocal imaging demonstrates that XRCC1 (mRFP-XRCC1, red) foci colocalize (a) or are adjacent to (b) ORC5 (EYFP-ORC5, green) foci, marking early replication origins. D) ORC5 (EYFP-ORC5, green) is recruited to local DNA damage ;30 s after XRCC1 (red) which is presented in the sequential confocal images (a). Accumulation of these 2 proteins in time is illustrated (b). Mean fluorescence intensity values measured in the area of accumulation of the proteins were normalized to the values of the mean fluorescence intensity measured in the undamaged area of the nucleus. The accumulation of proteins and foci formation are represented by the increased steepness of the curves. Fluorescence intensity profiles additionally confirm accumulation of the proteins in the same area (c), colocalization of XRCC1 and ORC5 foci is represented by an overlap of the green and red fluorescent signals which results in the yellow color in the enlarged part of the merged image (c). E) SP100 (EGFP-SP100) foci (green) are closely adjacent to replication sites (EdU, red), similar to previously described XRCC1 foci. F) Often XRCC1 (mRFP-XRCC1, red) is found within PML bodies (IF, blue). Histograms of distances between centers of foci containing both PML and XRCC1 to replication foci (EdU, green) demonstrate that when PML body is located in close vicinity of replication region, it always comprises XRCC1 component. [1] . No repair foci are present in intact control region [2] (labeled "no damage"). Foci are always adjacent to replication sites (mEGFP-PCNA) and they never overlap, as shown by histograms representing damaged ROI (d); ROI: 6.25 3 1 mm. B) XRCC1 (mRFP-XRCC1) and PCNA (mEGFP-PCNA) before and 1.5 h after exposure to topotecan. Topotecan inhibits replication, leads to disappearance of replication sites, and induces DNA breaks. XRCC1 repair foci are formed after dismantling of replication foci (bottom). They are likely formed in response to SSBs induced by topotecan interfering with replication or transcription. C ) Images of fluorescently (mRFP) tagged XRCC1 with deleted BRCT2 domain (XRCC1 D5382633 ) (red); in replicating cell coexpressing mEGFP-PCNA (green), no XRCC1 D5382633 foci can be detected in close vicinity of replicating DNA or anywhere in nucleu (a); XRCC1 D5382633 is not recruited to repair foci containing SP100 (green) formed in response to light-induced DNA damage (30 min after damage induction) (ROI, 2.5 3 2.5 mm) (b); impaired mechanism of XRCC1 D5382633 foci formation leads to absence of ORC5 foci (green) in nuclei (c). D) Images of fluorescently (mRFP) tagged XRCC1 with mutated BRCT1 (XRCC1 L360R ) (red); (a) XRCC1 L360R does not form typical repair foci located adjacent to replication sites (tagged with mEGFP-PCNA, green); (b) XRCC1 L360R is not recruited to repair foci containing SP100 (green) formed in response to local DNA damage (ROI, 2.5 3 2.5 mm) (10 min after damage induction). Scale bars, 5 mm.
Our superresolution images demonstrate that XRCC1 is not simply recruited to the site of a SSB as a featureless cloud. Instead, distinct foci containing XRCC1 are formed and exhibit a complex architecture and various degrees of mobility. We note that binding of XRCC1 molecules to PAR chains, known to be attached to the repair protein factors and nucleic acids directly at the location of the DNA lesion, takes place outside of the XRCC1 repair foci, frequently in the regions adjacent to these structures. The formation of the topotecaninduced XRCC1 foci after dismantling of replication factories indicates that it is the DNA lesion, not a replication focus, which is required for the assembly of XRCC1 body.
The XRCC1-containing nuclear bodies are the regions of accumulation of both the unmodified variants and the CK2 phosphorylated molecules of XRCC1. Phosphorylation of this type is required for stabilization of the protein, the stimulation of the interactions and complex formation with other repair factors, and efficiency of repair of SSBs (44) . Additionally, it has been shown that it reduces affinity of XRCC1 to DNA (45) . The presence of CK2 phosphorylated and unmodified protein inside the XRCC1 foci suggests that there may be an exchange of molecules between these bodies and the sites of DNA damage. Thus, the XRCC1 foci could play a role of molecular reservoirs responsible for storage, delivery, and exchange of the repair factors, in unmodified and modified forms, prepared for functional complex formation at the sites of DNA lesions.
The fact that the XRCC1 foci we imaged were also located close to ORC5 or ORC1 foci is also in agreement with our notion of a spatial correlation between XRCC1 foci and regions of replication. Surprisingly, however, in response to DNA damage, ORC5 was also detected inside the preformed nuclear bodies containing XRCC1. ORC5 is known to be involved in transcription silencing in yeast and is also regarded to be involved in heterochromatin remodeling (46) (47) (48) (49) (50) (51) ; therefore, its presence, along with XRCC1 in eukaryotic cells, could imply that the structure, which we originally detected as an XRCC1 focus, was in fact a multifunctional aggregate of the many proteins responsible for various DNA damage-response functions, including local inhibition of transcription, which we also observed (data not shown). We note that some classes of PML nuclear bodies have been reported to contain and deliver repair factors to the sites of DNA lesions (52) (53) (54) (55) (56) . The nuclear bodies we describe here resemble PML bodies in terms of their dynamics as well. Similar to previous observations (57), most showed saltatory movements in the vicinity of the DNA lesions; only some performed movements over longer distance.
The fact that we detected XRCC1 foci adjacent to, but not overlapping with, the replicating heterochromatin at the nuclear envelope may have been due to an inability of these nuclear bodies to penetrate into heterochromatin blocks. It is also possible that the repair factors do not have to penetrate into such heterochromatin blocks because the stretch of DNA that contains a SSB is moved toward the periphery of a heterochromatic region to facilitate interaction with repair factors concentrated in the newly formed nuclear body. These observations, combined with the fact that SSBs detected by improved TUNEL were located at the edge of XRCC1-containing bodies, lead us to propose a model of spatial arrangement of the replication-related DNA lesion and the repair focus.
How might PML-like bodies assemble at DNA lesions in replication sites?
Removal of the BRCT2 domain abolished 3 key features of XRCC1: formation of the typical nuclear XRCC1 foci in intact cells, recruitment and accumulation of this protein at the sites of endogenous DNA damage induced within replicating DNA, and accumulation at local DNA lesions (4, 5) . A lack of BRCT2 domain could also be a reason for a loss of an ability to interact with ORC5 and a hampering of the recruitment of ORC5 to the nuclear bodies. The process of BRCT2-driven formation of XRCC1 dimers (12) and interactions between XRCC1 molecules with other repair factors (13-15) may be crucial for accumulation of the repair protein in the form of a nuclear body positioned in the vicinity of the damage in replication sites.
BRCT1 is thought to be essential for postrepair replication reinitiation (16, 17) . Deactivation of BRCT1 domain abolished an ability of XRCC1 to accumulate at the sites of endogenous or experimentally induced DNA damage. Because BRCT1, which contains a PAR-binding pocket, exhibits affinity to PAR and PARP1 (7, 8, 12, 18, 20, 21) , we suggest that XRCC1 with deactivated BRCT1 domain is devoid of the ability to interact with PCNA; it is thus unable to form properly localized nuclear structures and cannot be recruited to the nuclear bodies localized at the sites of DNA damage. Therefore, we suggest that undisturbed binding of XRCC1 molecules to PAR and PARP1 is required for recruiting XRCC1 to nuclear bodies formed in response to DNA damage. All these data, taken together, lead to a conclusion that both domains, BRCT1 and BRCT2, are involved in the process of accumulation and in the mechanism of incorporation of XRCC1 into nuclear bodies in response to endogenous DNA damage occurring in replication sites as well as locally induced DNA damage.
XRCC1 response to replication-related SSBs: model of spatial organization of process of repair protein accumulation Superresolution and live cell imaging demonstrate that a large number of XRCC1 molecules gather near the sites of DNA damage and form a nuclear body that is located adjacent to a replication site containing the damaged DNA. We hypothesize that these repair foci may constitute SP100-rich PML-like nuclear bodies. We postulate that these bodies, formed in response to endogenous or induced DNA SSBs, are multifunctional entities that behave like mobile molecular reservoirs responsible for delivery of various protein factors or preassembled protein complexes involved in DNA damage repair (Fig. 6) . A single nuclear body containing XRCC1 that is formed in response to a SSB can decay after completion of the repair processes or migrate toward another closely located DNA lesion. Figure 6 . Simplified hypothetical model of recruitment of XRCC1 and other proteins toward SSB. Formation of nuclear body containing XRCC1 and other proteins involved in repair, movement of DNA stretch containing lesion toward nuclear body, and transfer of repair factors and preassembled repair complexes toward damage.
